A rapid solidification process was found to form unidirectional crystal structures in (Bi,Sb) 2 Te 3 and (Bi,Sb) 2 (Te,Se) 3 based thermoelectric alloys. This fine microstructure with its unidirectional crystal orientation is expected to yield high value thermoelectric properties because the fine grain size is extremely effective in decreasing thermal conductivity by boundary scattering of phonons and because this crystal orientation is extremely effective in decreasing the electrical resistivity (increasing the carrier mobility). The rapidly solidified alloys were prepared by a single-roller liquid quenching method. These alloys were shaped as a thin foil with thicknesses ranging from 5 to 20 mm. The crystal orientation was analyzed by the x-ray diffraction method and the microstructure was observed by optical microscopy and SEM of the thin foil samples. The crystal grains of the rapidly solidified foils were very fine and highly oriented. The thermoelectric properties were measured for p-type Bi 0:4 Sb 1:6 Te 3 and the n-type Bi 1:9 Sb 0:1 Te 2:6 Se 0:4 compacted alloys. The figures of merit of 3:5 Â 10 À3 K À1 for p-type alloy and 3:3 Â 10 À3 K
Introduction
For the last thirty years, liquid quenching techniques have been available for fabricating new amorphous alloys and metastable materials. 1, 2) Among several techniques, the single roller method is the most widely used and effective in creating new alloys and compounds with fine crystal grains and a predetermined crystal orientation. 3) We tried applying this method to thermoelectric semiconductor materials. Bismuth telluride-based alloys, (Bi,Sb) 2 Te 3 , and (Bi,Sb) 2 -(Te,Se) 3 , are available for thermoelectric applications near room temperature. 4, 5) The crystal structure of Bi 2 Te 3 type alloy is rhombohedral. 6) These alloys are widely known to possess anisotropic properties especially in terms of electrical resistivity. 7, 8) The performance index Z (figure of merit) of thermoelectric materials is expressed by the following eq. (1), with the Seebeck coefficient represented as , the specific resistance (electrical resistivity) as , and the thermal conductivity as .
Rapidly solidified polycrystalline foils with a fine grain and unidirectional crystal orientation can be obtained by means of liquid quenching techniques. The characteristics of these rapidly solidified foils are extremely important for improving the thermoelectric property of the alloys. A fine grain size is effective for a low by boundary scattering of phonons [9] [10] [11] and the predetermined crystal orientation is also effective in decreasing of the value of . These effects are due to the crystal structure of (Bi,Sb) 2 (Te,Se) 3 type alloys with anistropic properties for electrical resistivity. The structure of these alloys have been established as rhombohedral which for convenience in referencing can be referred to a hexagonal unit cell. 6, 12, 13) The electrical resistivity in the direction parallel to the c-axis is higher than that in the direction perpendicular to the c-axis because the Te-Te layer is parallel to the basal plane. The sample with a predetermined crystal order can be made to show high value thermoelectric properties by selecting their electric current and heat flux directions along the c-plane (perpendicular to the c-axis). Additionally the cooling rate of thin foils during rapid solidification can be controlled by changing the thickness of the foils with the single roller method.
The purpose of this paper is to investigate the microstructure and crystal orientation of rapidly solidified (Bi,Sb) 2 Te 3 and (Bi,Sb) 2 (Te,Se) 3 alloys. The results of this investigation and a SEM observation and an energy dispersive spectrometry (EDS) analysis of the surface of rapidly solidified thin foils are reported.
Experimental Procedure
The specimens used in the present work were (Bi,Sb) 2 Te 3 ternary alloys and (Bi,Sb) 2 (Te,Se) 3 alloys. These alloy ingots were prepared by melting a mixture of pure Bi, Sb, Te and Se (=99:99%) in an argon atmosphere using a rocking furnace. From this master alloy ingot, rapidly solidified foils with a width of about 2 mm, a length of about 10 to 20 mm and a thickness ranging from 5 to 20 mm were prepared by the single roller melt-spinning technique in an argon atmosphere. The rotation speed of the copper roller with a 400 mm diameter was varied in a range from 6.3 to 41.9 m/s (300-2000 rev./min). The crystal structure and crystal orientation were examined by x-ray diffractometry. The microstructure was observed by optical microscopy. The surface condition and fracture surface appearance were examined by scanning electron microscopy (SEM). The chemical composition of the free side roller side and fracture surface were examined by EDS and the Auger electron spectroscopy (AES) analysis method.
Results
The shape of the liquid quenched Bi 0:4 Sb 1:6 Te 3 foil was observed. The average size of these foils was approximately 10 to 20 mm in length, 2 mm in width and 5 to 20 mm in thickness. The thickness of the foil can be controlled by the rotation speed of cooling roller. The thickness of the foil increased as the roller rotation speed decreased. The change in foil thickness is shown by the scanning electron microscopic (SEM) images in Figs. 1(a), (b) and (c). The solidification speed can therefore be controlled by controlling the thickness of the foils. The solidification speed influences the uniformity and the crystal orientation of the foils. The decreasing of the roller rotation speed causes the inuniformity of the thickness of the rapidly solidified foil. Therefore, it is desirable to set the rotation speed over 10.5 m/s to obtain the homogeneously compacted specimens by hot-pressing method. Figure 2 shows the scanning electron microscopic (SEM) image on the surfaces of the liquid quenched p-type Bi 0:4 Sb 1:6 Te 3 alloy foil. Photograph (a) shows the appearance of the free side surface and photograph (b) shows the appearance of the roller side surface of the foil. A fine mesh structure was observed on the former surface. This characteristic pattern was formed during the rapid solidification. The roll mark on the other hand, can be observed on the latter surface. This pattern is on the surface of liquid quenched ribbons such as Fe-based and Al-based amorphous alloys. This difference between the appearance of the free side surface and that on the roll side depends on the contact with the cold surface of a roll and restrictions on crystal growth. Table 1 . These were the mean values of the data from five different randomly chosen regions on the foil surface. It was found that the deviation from the nominal composition is larger in the n-type Bi 1:9 Sb 0:1 Te 2:6 Se 0:4 foil sample than in the p-type Bi 0:4 Sb 1:6 Te 3 foil sample. The Te concentration was especially rich in the former sample. These results suggest that Te easily diffuses from the inside of the foil to its surface and that controlling the composition is more difficult in n-type Bi 1:9 Sb 0:1 Te 2:6 Se 0:4 alloy than in ptype Bi 0:4 Sb 1:6 Te 3 alloy. The optical micrograph of the foil cross-section is shown in Fig. 3 . The photograph shows the existence of a columnar grain structure perpendicular to the surface of the foil. This indicates that the crystal grows perpendicular to the cooling roller during rapid solidification. The width of the columnartype crystal grain was from 0.5 to 3 mm. This fine size of crystal grains is very effective for boundary scattering of phonons and for low thermal conductivity (). This microstructure also reveals that the barrier to carrier mobility is small and that a decrease in electrical resistivity can be expected. Results from this observation suggest that the columnar-type structure plays an important role in improving the thermoelectric material.
In order to study the chemical composition of a crosssection of the rapidly solidified alloy foil, analyses were made of the Bi 1:9 Sb 0:1 Te 2:6 Se 0:4 foil surface to a depth of 5 nm using the AES method. These chemical composition results are indicated in Table 2 . It is important to note that the Te concentration on the foil cross-section was higher than on the free side surface. This indicates that the Te-rich plane of the crystal structure is mainly along the foil cross-section. The cross-section of the rapidly solidified foils was therefore mainly comprised of a Te-Te layer, which is a cleaved plane in the hexagonal unit cell. Figure 4 shows the X-ray diffraction spectra taken from the rapidly solidified p-type Bi 0:4 Sb 1:6 Te 3 (a) and n-type Bi 1:9 Sb 0:1 Te 2:6 Se 0:4 (b) alloy foils. These profiles were measured on the free side surface of the foils. The peak intensity of the (110) plane is very strong compared to the other planes. This shows that the crystal grains of these rapidly solidified foils are highly oriented. This preferential crystal orientation was observed in the spectra for both samples. These foils therefore consist mainly of grains having the c-plane perpendicular to the surface of the cooling roller. The (110) plane is perpendicular to c-plane (basal plane) in the hexagonal unit cell. The crystal structure of Bi 2 Te 3 type alloys consists of an alternating sequence of Bi and Te single and double layers parallel to the basal plane. The electrical resistivity is higher in the direction perpendicular to the Te-Te double layer than in the direction parallel to this layer. This result suggests that carrier mobility is higher along the thickness of the foils. This preferred crystal orientation that forms in rapidly solidified foils could contribute to improving the thermoelectric properties of materials. Figure 5 shows the (110) pole figures for the rapidly solidified Bi 0:4 Sb 1:6 Te 3 (a) and Bi 1:9 Sb 0:1 Te 2:6 Se 0:4 (b) alloy foils. These profiles indicate that the formation of the texture in rapidly solidified foil is very clear and that this texture is very effective for preparing new type thermoelectric materials with high carrier mobility. This result therefore suggests that the pressed compact sample could exhibit a high crystal K À1 , respectively. These resulting values were improved in comparison with the conventional bismuth telluride-based alloys. Furthermore, it seems to be a worthwhile subject to investigate the optimum pressing conditions.
Summary
Rapidly solidified (Bi,Sb) 2 Te 3 and (Bi,Sb) 2 (Te,Se) 3 alloys were prepared by the single roller method. This is one method available among many types of liquid quenching techniques. These alloy samples were thin foils with a fine microstructure and unidirectional oriented crystals. The grain sizes were from 0.5 to 3 mm in width.
Analyses results using x-ray diffraction and EDS indicate that these foils prepared by the rapid solidification method are likely to have high thermoelectric properties values along with low thermal conductivity and electrical resistivity because of phonon scattering and high carrier mobility. The thermoelectric properties were measured for p-type Bi 0:4 Sb 1:6 Te 3 and the n-type Bi 1:9 Sb 0:1 Te 2:6 Se 0:4 compacted alloys. The figures of merit of 3:5 Â 10 À3 K À1 for p-type alloy and 3:3 Â 10 À3 K À1 for n-type alloy were obtained.
